Abstract. The aim of the present study was to investigate the effects of combined treatment with rosuvastatin and LY333531, a selective protein kinase C (PKC)β2 inhibitor, on angiogenesis under hyperglycemic conditions. Human umbilical vein endothelial cells (HUVECs) cultured in medium containing a normal or high concentration of glucose (33.3 mmol/l) were treated with rosuvastatin (0.1 µmol/l) alone or in combination with LY333531 (10 nmol/l). HUVEC migration and tube formation were assessed. Furthermore, rats with streptozotocin-induced diabetes were randomly divided into groups and treated with either rosuvastatin alone (5 mg/kg/day) or in combination with LY333531 (10 mg/kg/day) for 4 weeks following the induction of myocardial infarction (MI). Echocardiographic patterns, the extent of myocardial fibrosis, capillary density in myocardial tissue, the phosphorylation of Akt and endothelial nitric oxide synthase (eNOS), as well as the expression levels of vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1-α (HIF-1α) were assessed. The results from the in vitro experiment revealed that the tube-forming and migration ability of the HUVECs exposed to high-glucose medium was significantly improved in the group treated with the combination of rosuvastatin and LY333531. In vivo, the combination of rosuvastatin and LY333531 significantly improved left ventricular function, reduced the extent of myocardial fibrosis and increased myocardial capillary density compared to treatment with rosuvastatin alone. In addition, the expression levels of VEGF, and Akt and eNOS phosphorylation were significantly higher in the group exposed to the combination treatment than in the group treated with rosuvastatin alone. The results of the present study indicate that, compared to treatment with rosuvastatin alone, combined treatment with rosuvastatin and LY333531 promotes a greater level of angiogenesis in diabetic rats with MI. This effect is likely mediated through the upregulation of the VEGF-dependent Akt/eNOS signaling pathway.
Introduction
Cardiovascular disease, a leading cause of mortality worldwide, commonly presents as myocardial infarction (MI) (1) . The ischemia-induced formation of coronary collateral circulation serves as a compensatory mechanism that provides blood perfusion to ischemic myocardial tissue, thus playing a significant role in the prognosis of MI (2) . Coronary artery disease, including MI, is also a common complication contributing to morbidity and mortality in diabetic patients (3) . In diabetes, angiogenesis is impaired (4) , which may underlie the poor prognosis of diabetic patients with cardiovascular complications (5) . Therefore, therapeutic angiogenesis has been proposed as an exciting strategy to enhance perfusion to the ischemic myocardium of diabetic patients with MI.
Vascular endothelial growth factor (VEGF) plays a pivotal role in blood vessel formation during the developmental stage and in the regulation of hypoxia-induced angiogenesis (6) . VEGF expression is regulated by hypoxia, oxidative stress and nitric oxide (NO), and elevated VEGF levels have been observed in the retina and glomeruli of diabetic rats (7, 8) . However, the levels of both VEGF and its receptors are decreased in myocardial tissue in diabetic animals (9) . This preclinical observation suggests a potential molecular explanation for inadequate collateral vascular formation in response to myocardial ischemia in diabetic patients.
Protein kinase C (PKC) is a family of cytoplasmic serine/threonine kinases with a wide variety of functions in Effect of combined treatment with rosuvastatin and protein kinase Cβ2 inhibitor on angiogenesis following myocardial infarction in diabetic rats intracellular signal transduction (10) . The activation of PKC is associated with vascular complications under diabetic conditions (11) . The β isoforms of PKC (PKCβ1 and PKCβ2) are expressed in cardiovascular tissue and can be activated by free fatty acids and under hyperglycemic conditions (12, 13) . In diabetic rats, the activation of PKCβ is elevated in vascular tissue and is involved in the dysfunction of the cardiac microvascular barrier (14) . Furthermore, in endothelial cells, PKCβ has been shown to inhibit the activation of Akt by insulin or VEGF, and to interrupt the regulation of Akt-dependent endothelial NO synthase (eNOS) by insulin in obesity-associated insulin resistance (15) . In a previous study, a PKCβ-selective inhibitor, LY333531, was shown to prevent diabetic vascular complications both in vitro and in vivo (16) . However, the effects of the inhibition of PKCβ on angiogenesis in the ischemic myocardium under diabetic conditions remain unclear.
Statins are inhibitors of the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme in cholesterol biosynthesis. This class of drugs can also induce lipid-independent benefits, including the improvement of endothelial function, the inhibition of inflammation, the facilitation of angiogenesis and, consequently, the reduction of the myocardial or cerebral infarct size (17) . The promoting effect of statins on angiogenesis is likely mediated through the VEGF-dependent Akt/eNOS pathway. Accordingly, statins have been shown to promote angiogenesis in response to ischemia, which is mediated by VEGF (18, 19) . In the present study, we therefore aimed to investigate the effects of combined treatment with rosuvastatin and LY333531 on angiogenesis in myocardial tissue in diabetic rats with MI.
Materials and methods
Cell culture and treatments. Human umbilical vein endothelial cells (HUVECs) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine serum albumin (BSA; Gibco-Invitrogen Inc., Carlsbad, CA, USA), 0.05 mg/ml endothelial growth factor (Sigma, St. Louis, MO, USA), 0.1 mg/ml heparin, 100 units/ml penicillin and 100 mg/ml streptomycin at 37˚C under 5% CO 2 . Cells between the second and fourth passages were used for the experiments. The cells were divided into 5 treatment groups as follows: i) cells cultured in normal glucose medium (N-G, 5.6 mmol/l); ii) cells cultured in high glucose medium (H-G, 33.3 mmol/l); iii) cells cultured in high glucose medium and treated with rosuvastatin (RSV, 0.1 µmol/l); iv) cells cultured in high glucose medium and treated with LY333531 (LY, 10 nmol/l); and v) cells cultued in high glucose medium and treated with rosuvastatin plus LY333531 (RSV + LY, 0.1 µmol/l+10 nmol/l). Rosuvastatin (obtained from AstraZeneca, Cheshire, UK) and LY333531 (from Eli Lilly & Co., Indianapolis, IN, USA) were dissolved in dimethyl sulfoxide (DMSO, 0.2%; Sigma).
Tube formation assay. The formation of tube-like structures by HUVECs on Matrigel (BD Biosciences, Oxford, UK) was assessed as previously described (20) . The cells were seeded in gel-precoated wells and cultured in the absence or presence of either rosuvastatin alone or in combination with LY333531 in H-G medium at 37˚C for 24 h with 5% CO 2 . Cells cultured in N-G medium served as the controls. Tube formation was observed under a microscope (Olympus Corp., Tokyo, Japan). Images were analyzed using Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA). The degree of tube formation was assessed by measuring the length of tubes in 3 random fields (magnification, x40) from each well. Tube formation under different treatment conditions was normalized to that under normal glucose conditions. Migration assay. A wound healing assay was performed to measure the unidirectional migration of HUVECs, as previously described (21) . The cells were seeded in a 6-well plate at a density of 5x10 4 cells/well, and incubated at 37˚C with 5% CO 2 for 24 h. After being washed with PBS twice, the cells were incubated in N-G medium containing 1% FBS for 12 h. The wells were then scraped with a 200-µl pipette tip to mechanically injure the cells. The wells were rinsed with PBS twice to remove cellular debris and dislodge the cells. After injury, the cells were cultured in the presence of the different reagents for 24 h. Images were captured 24 h later using an Olympus microscope (Olympus Corp.) at x40 magnification. The migration ability of the cells was calculated using the following formula: 100% (width at 24 h/width at 0 h) x100%, as previously described (22) .
Cell proliferation assay. Cell proliferation was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma). The HUVECs were seeded into 96-well plates at a density of 2,000 cells/well and were incubated in N-G medium containing 1% FBS at 37˚C with 5% CO 2 for 24 h. The cells were then transferred to fresh medium in the absence or presence of the different reagents. Each group had 3 replicate wells. Following incubation for different periods of time, 10 µl of MTT were added to each well and the cells were further incubated at 37˚C for 4 h with 5% CO 2 . The supernatant fluid was then removed and 100 µl of DMSO were added to each well. The absorbance (OD value) at a wavelength of 490 nm was measured using a microplate reader (Bio-Tek ELx808; BioTek Instruments, Inc., Winooski, VT, USA), as previously described (23) .
Animal model. Male Sprague-Dawley (SD) rats, (weighing 200-250 g, from the Experimental Animal Center, Fudan University, Shanghai, China) were used in the experiment. All procedures were approved by the Animal Care and Use Committee of the Sixth People's Hospital affiliated to Shanghai Jiaotong University, Shanghai, China and were in compliance with the regulations of the Animal Welfare Act of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The animals were allowed to acclimatize for 2 weeks prior to the experiment.
After an overnight fast, the animals were administered streptozotocin [50 mg/kg, intraperitonealy (i.p.) daily] (Sigma) or the vehicle (citrate saline, i.p.) (14) . One week after the streptozotocin injection, blood glucose levels were measured. Animals with a glucose level ≤300 mg/dl were excluded from the study.
After 1 week of the administration of the streptozotocin injection, the model of MI was created as described in our previous study (24) . In brief, a total of 55 diabetic rats were anesthetized by an intraperitoneal injection of pentobarbital (50 mg/kg) and were ventilated using an animal respirator (DW-200; Alcott Biotech, Shanghai, China) with room air following endotracheal intubation. The electrical activity of the mouse hearts was continuously monitored during the experiment using an lead II electrocardiogram (ECG). Heart exposure was performed by a thoracotomy at the left fourth intercostal space. The left anterior descending coronary artery (LAD) was ligated using a 6-0 prolene suture, 1-2 mm below the tip of the left atrial appendage. LAD ligation was confirmed by ST segment elevation. Another 10 diabetic rats, as a control group, underwent thoracotomy and incision of the pericardial sac, but not LAD ligation.
Animal protocols. After establishing the animal model, all surviving animals were randomly assigned into the following groups: i) the MI group: rats with MI were treated with the vehicle (normal saline orally) for 4 weeks starting 1 day after LAD ligation; ii) the RSV group: rats with MI were administered rosuvastatin orally (5 mg/kg daily); iii) the LY333531 group: rats with MI were administered LY333531 orally (10 mg/kg daily); iv) the RSV + LY333531 group: rats with MI were orally administered rosuvastatin (5 mg/kg daily) plus LY333531 (10 mg/kg daily); and v) another sham-operated and non-diabetic group of animals was administered the vehicle (normal saline). All surviving animals were sacrificed on day 28. Before the rats were sacrificed, an echocardiographic examination was performed to evaluate the remodeling process.
After the rats were euthanized, whole blood was collected from the inferior vena cava and the hearts were harvested. One cross-section of left ventricular (LV) myocardial tissue at the level of the papillary muscles, approximately 2 mm, was collected and fixed in 10% formalin followed by embedding in paraffin for histological examination. The remaining LV tissue was quickly separated into the peri-infarct zone and remote zone, and the tissue was snap-frozen and mechanically homogenized in liquid nitrogen, and resuspended in lysis buffer to which phosphatase was added. Subsequently, the tissue was further lysed in a tightly fitting cylinder homogenizer. The sample was then stored at -80˚C for later analysis.
Echocardiography. An echocardiographic examination was performed on day 28 following the induction of MI using a standard Acuson Sequoia 512 ultrasound system equipped with a 15-MHz probe (Siemens, Erlangen, Germany). Both two-dimensional and M-mode echocardiography were performed. The LV end-diastolic diameter (LVEDD) and the LV end-systolic diameter (LVESD) were measured. In addition, the LV ejection fraction (LVEF) and fractional shortening (FS) were calculated, as previously described (25) . All measurements from 5 consecutive cardiac cycles were averaged and analyzed by a single observer blinded to the treatment protocol.
Histological analysis. Under deep anesthesia with pentobarbital sodium (60 mg/kg, i.p.), the heart of a rat was excised and cut into transverse slices (2-mm-thick), which were then fixed in 10% formalin solution for 24 h. The samples were then embedded in paraffin and sectioned at 4 µm. Immunohistochemical analysis was performed as previously described (26) . In brief, deparaffinized tissue sections (4-µm-thick) were blocked by 10% goat serum for 30 min at 37˚C. Rabbit polyclonal antibodies against CD31 (ab28364; capillary density maker; diluted at 1:500) and VEGF (ab46154; diluted at 1:250; Abcam, Cambridge, MA, USA) were employed as primary antibodies. Following overnight incubation with the primary antibodies at 4˚C, the sections were treated with goat polyclonal secondary antibody to rabbit IgG (goat anti-rabbit IgG H&L, ab97047; diluted at 1:1,000; Abcam). All sections were counterstained with hematoxylin. Immunoreactivity for CD31 and VEGF was measured using the Image-Pro Plus 4.0 analysis system (Media Cybernetics, Inc., Bethesda, MD, USA). Capillaries were identified by positive staining for CD31. The results were expressed as an average amount of capillaries per x10 field, as previously described (27) .
Tissue staining with Masson's trichrome stain was performed in the border area to evaluate collagen deposition. Sirius Red Staining (a collagen-specific dye) was also used to clearly discriminate between the cardiomyocytes and collagen. Collagen volume fraction was analyzed using ImageJ software and expressed as the average percentage of collagen staining of 20 randomized high power fields.
Enzyme-linked immunosorbent assay (ELISA).
The plasma levels of transforming growth factor (TGF)-β1, VEGF and hypoxia-inducible factor (HIF)-1α were determined using solid-phase sandwich ELISA kits (USCN Life Science Inc., Wuhan, China), according to the manufacturer's instructions.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was prepared from 150 mg LV free wall using TRIzol reagent (Invitrogen, Life Technologies), followed by chloroform extraction and isopropanol precipitation. Genomic DNA was eliminated by incubating with DNase I (0.1 µl -1 , 37˚C) for 30 min followed by acid phenol-chloroform extraction. RNA was quantified by spectrophotometric absorbance at 260 nm (A260), with its purity confirmed by measuring the A 260 /A 280 ratio. The integrity of RNA was evaluated by ethidium bromide staining on a denaturing agarose gel. Total RNA (2 µg) was then reverse transcribed using oligo(dT) primer and SuperScript II RT (Invitrogen-Life Technologies, Carlsbad, CA, USA).
Quantitative (real-time) PCR was performed as described in a previous study of ours (28) starting with 12.5 ng cDNA and both sense and antisense primers at a concentration of 900 nM (Invitrogen-Life Technologies) in a final volume of 25 µl, using SYBR-Green Master Mix (Applied Biosystems, Denver, CO, USA). Fluorescence was monitored and analyzed using a GeneAmp 7000 detection system instrument (Applied Biosystems). The PCR reactions were performed 42 times by a three-step cycle procedure (denaturation 95˚C, 15 sec; annealing 60˚C, 30 sec; extension 72˚C, 30 sec) following an initial stage (95˚C, 10 min). A ∆Ct value was obtained to quantify the mRNA levels and was normalized to an endogenous control (GAPDH mRNA) for each sample. A relative quantification ΔΔCt method was used for the comparison between groups. Oligonucleotide primers were designed using Primer Express software (Applied Biosystems). The primers used in this study were as follows: VEGF forward, 5'-CGAGACGCA GCGACAAGGCA-3' and reverse, 5'-ACCTTCTCCAAA CCGTTGGCA-3'; HIF-1α forward, 5'-GCCCAGTGAGAAA GGGGAAA-3' and reverse, 5'-CGGCTGGTTACTGCT GGTAT-3'; and GAPDH sense, 5'-TGATGGGTGTGAA CCACGAG-3' and antisense, 3'-CCCTTCCACGATGCC AAAGT-5'.
Western blot analysis. The infarcted heart tissue from the LV free wall or the non-infarcted heart tissue at the same site was used for western blot analysis. Equal amounts of protein (30 µg) were separated on a 8-12% Tris-glycine gel (Novex; Invitrogen-Life Technologies) and transferred onto polyvinylidene difluoride (PVDF) membranes (Roche Applied Science, Penzberg, Germany). After blocking with 5% skim milk, the membranes were incubated with primary antibodies against phospho-Akt Ser473 (sc-7985-R; 1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and phospho-eNOS Thr1117 (sc-21871-R; 1:500 dilution; Santa Cruz Biotechnology) overnight at 4˚C, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. Immunoreactions were visualized using an ECL detection kit (Amersham Biosciences, Piscataway, NJ, USA). All protein expression levels were adjusted against GAPDH intensity (cat. no. 2118; Cell Signaling Technology, Danvers, MA, USA). Bands were quantified by densitometry using ImageJ software (version 1.41; National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Data are expressed as the means ± SD. All data analyses were performed using SPSS 13.0 statistical software (SPSS, Inc., Chicago, IL. USA). One-way ANOVA followed by the Student-Newman-Keuls test was used to compare the effects of the different treatments on various parameters. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

Effect of combination treatment with rosuvastatin and LY333531 on tube formation and migration of HUVECs.
Ten hours after plating, the HUVECs cultured in N-G and H-G medium treated with rosuvastatin + LY333531 had an elongated shape and had invaded the collagen gel to form tubes. By contrast, the HUVECs cultured in H-G medium remained in individual clusters. Twenty-four hours after plating, the HUVECs cultured in N-G medium formed a more extensive tube network than the HUVECs cultured in H-G medium (P<0.01; Fig. 1A ). Single treatment with either rosuvastatin or LY333531 significantly promoted tube formation by HUVECs compared to the H-G goup (P<0.05; Fig. 1B) . The tube-forming ability of the HUVECs was more enhanced following treatment with rosuvastatin + LY333531 than with treatment with either agent alone (P<0.05; Fig. 1B) .
Wound healing was assessed following culture for 24 h under different conditions (Fig. 1A) . Compared to the N-G group, culture in H-G medium inhibited the wound healing ability of the HUVECs (P<0.05; Fig. 1C ). Treatment with rosuvastatin or LY333531 alone increased the wound healing ability of the HUVECs by 10 and 18%, respectively, as compared to the H-G group (P<0.05). Treatment with rosuvastatin + LY333531 further facilitated wound closure; an increase of 32% was observed (Fig. 1C) compared to the cells treated with either agent alone (P<0.05).
Effect of combination treatment with rosuvastatin and LY333531 on cardiac function in rats.
Twenty-eight days following surgery, the rats with MI demonstrated LV dilation, a greater LVESD and LVEDD, and decreased FS in comparison to the sham-operated rats (P<0.05; Fig. 2 ). Treatment with rosuvastatin + LY333531 improved these parameters (P<0.05; Fig. 2B-D) , while treatment with either rosuvastatin or LY333531 alone numerically decreased LVESD and LVEDD althgouth no statistically significant differences were observed (P>0.05; Fig. 2B and C) .
Effect of combination treatment with rosuvastatin and LY333531 on myocardial fibrosis in rats.
The rats with MI had increased serum TGF-β1 levels and myocardial interstitial fibrosis compared to the diabetic rats in the sham-operated group (P<0.05; Fig. 3A and B) . Treatment with rosuvastatin, LY333531, or rosuvastatin + LY333531 for 28 days reduced serum TGF-β1 levels (P<0.05; Fig. 3A) . Treatment with rosuvastatin + LY333531, as compared to treatment with either agent alone, induced a greater reduction in interstitial fibrosis (P<0.05; Fig. 3B ) as indicated by Masson's thrichrome staining (Fig. 3C) and Sirius Red Staining (Fig. 3D) .
Effect of combination treatment with rosuvastatin and LY333531 on capillary density in rats.
The induction of MI in the rats increased capillary density in the peri-infarct zone as compared to rats in the sham-operated group (P<0.05; Fig. 4A and B). Treatment with either rosuvastatin or LY333531 alone did not change the capillary density, while treatment with rosuvastatin + LY333531 increased capillary density (P<0.05; Fig. 4B ). The expression levels of VEGF were increased after the induction of MI (P<0.05; Fig. 4C and D) . Treatment with rosuvastatin alone or rosuvastatin + LY333531 further increased the VEGF expression levels (P<0.05; Fig. 4D ).
Effect of combination treatment with rosuvastatin and LY333531 on VEGF and HIF-1α expression in rats.
The rats with MI had increased serum VEGF levels compared with the rats in the sham-operated group (79±6.1 vs. 31±4.9 pg/ml; P<0.05; Fig. 5A ). Treatment with rosuvastatin alone (132±7.0 vs. 79±6.1 pg/ml, P<0.05), but not with LY333531 alone (108±8.7 pg/ml), further elevated the serum VEGF levels. Treatment with rosuvastatin + LY333531 induced a significant increase in VEGF levels compared to treatment with rosuvastatin alone (167±7.2 vs. 132±7.0 pg/ml, P<0.05; Fig. 5A ). MI increased myocardial VEGF mRNA levels (Fig. 5C ). Treatment with rosuvastatin alone (1.53±0.10-fold increase, P<0.05; Fig. 5C ) or in combination with LY333531 further elevated the VEGF mRNA levels (1.56±0.13-fold increase, P<0.05; Fig. 5C ) compared with the MI group. There were no significant differences observed between single and co-treatment groups.
MI did not significantly alter the myocardial VEGF protein levels (Fig. 5E) . Treatment with either rosuvastatin or LY333531 alone did not affect the VEGF protein levels, while higher VEGF protein levels were observed following combination treatment (P<0.05; Fig. 5E ). MI also increased the serum HIF-1α protein levels and the myocardial HIF-1α protein and mRNA levels (P<0.05; Fig. 5B-F) . The HIF-1α levels were not significantly affected by single or combination treatment.
Effect of combination treatment with rosuvastatin and LY333531 on Akt and eNOS phosphorylation in rats. MI on its own did not induce Akt or eNOS phosphorylation (Fig. 6) . Although there was a numerical increase in Akt phosphorylation following treatment with either rosuvastatin or LY333531 alone, the change did not reach statistical significance (P>0.05; Fig. 6A ), while treatment with rosuvastatin + LY333531 significantly increased Akt phosphorylation (P<0.05). Monotherapy with either rosuvastatin or LY333531 significantly increased eNOS phosphorylation (P<0.05; Fig. 6B ), and this increase was even more pronounced following treatment with rosuvastatin + LY333531 (P<0.05).
Discussion
The present study demonstrated that treatment with rosuvastatin or LY333531 reversed the high glucose-induced impairment of HUVEC tube formation and migration. These effects on HUVECs were further enhanced when the cells were treated with both rosuvastatin and LY333531. Using a rat diabetic model, we found that co-treatment with rosuvastatin and LY3333531, but not treatment with either agent alone, improved the cardiac function of the rats with MI. Oure results further revealed that co-treatment with rosuvastatin and LY333531 had a greater effect on capillary density in the peri-infarct zone Figure 5 . Protein levels of (A) VEGF and (B) hypoxia-inducible factor (HIF)-1α in plasma were measured by ELISA. mRNA expression levels of (C) VEGF and (D) HIF-1α in pre-infarct zone were measured by RT-qPCR. Protein expression levels of (E) VEGF and (F) HIF-1α in the pre-infarct zone were measured by western blot analysis. Data are expressed as the means ± SD; n=8-10 rats per group. than treatment with either agent alone. This effect was mediated by the upregulation of the VEGF-dependent Akt/eNOS signaling pathway. Taken together, and to the best of our knoweledge, the results of the present study provide the first evidence of improved cardiac function following combination treatment with rosuvastatin and LY333531, as compared to treatment with either agent alone in a rat model of MI under diabetic conditions. In addition combination treatment had a pro-angiogenesis effect. The coronary collateral circulation is a critical mechanism of adaptation of the heart to prevent cardiac dysfunction caused by ischemic insults (29, 30) . The mechanisms underlying the development of coronary collaterals are largely unknown, and the role of myocardial ischemia as an inhibitory factor is unclear (31, 32) . The degree of collateral coronary development varies greatly among patients with myocardial ischemia (33) . A growing body of evidence suggests that diabetic patients experience accelerated atherosclerosis and, as shown angiographically and in autopsy studies, they also have an impaired ability to form coronary collaterals in response to myocardial ischemia (33, 34) . In addition, in vitro studies have demonstrated decreased tree-like tubular network formation by HUVECs cultured under high glucose conditions (35) . Different concepts have been proposed to explain the impaired angiogenic response under diabetic conditions (4) . One of the commonly accepted mechanisms includes the decreased cardiac expression of VEGF and its receptors in diabetic states (9) .
Statins have been suggested to exert cardioprotective benefits through mechanisms independent of lipid-lowering effects, including anti-inflammatory effects, improvement of endothelial function and NO synthesis. The angiogenic effects of statins remain controversial (36) . Zaitone and Abo-Gresha (37) demonstrated that rosuvastatin promoted angiogenesis in diabetic rats with MI. The present study demonstrated that rosuvastatin significantly increased tube-like network formation and the migration of HUVECs cultured in high-glucose medium, whereas the formation of coronary collaterals was not further enhanced by rosuvastatin following the induction of MI in rats with diabetes. However, an increased VEGF expression was observed in the rosuvastatintreated rats, indicating that factors other than decreased VEGF levels in the diabetic myocardium are involved in the impaired development of coronary collaterals. Hyperglycemia has been reported to induce the activation of PKCβ2, which has been associated with diabetic complications, as treatment with the PKCβ2-specific inhibitor, LY333531, has been shown to be effective in diabetic myocardial hypertrophy, retinopathy and nephropathy (21, 38, 39) . Furthermore, it has been established that the hyperglycemia-induced activation of PKCβ2 inhibits the insulin-mediated Akt-dependent regulation of eNOS in obesity-associated insulin resistance (15) . Consistently, our previous study confirmed that the inhibition of PKCβ2 by LY333531 not only increased the phosphorylation levels of Akt and eNOS, but also improved coronary collateral development in response to MI in diabetic rats, indicating that the activation of PKCβ2 may be involved in the downregulation of the Akt/eNOS angiogenic pathway under diabetic conditions (40) . Indeed, in the present study, we observed that treatment with LY333531 alone increased the Akt-dependent eNOS activation without increasing VEGF expression. However, it has been demonstrated that the LY333531-associated inhibition of PKCβ2 enhances the myocardial ischemia-triggered increase in VEGF expression levels, leading to the improvement of impaired angiogenesis in diabetic rats (41) .
Most importantly, the present study suggests that combination treatment with rosuvastatin and LY333531 is more effective in promoting the revovery of cardiac function than treatment with rosuvastatin or LY333531 alone. The extent of angiogenesis measured by CD31 staining also indicated that the combination treatment exerted more pronounced angiogenic effects compared to the other treatment groups. This is consistent with the findings regarding the changes in VEGF protein levels in the combination treatment group. Additionally, the extent of Akt and eNOS phosphorylation was more pronounced in the combination group than in the groups treated with rosuvastatin or LY333531 alone. Therefore, enhanced neovascularization in the infarcted myocardium induced by combination treatment with rosuvastatin and LY333531 seems to ameliorate dysfunctional ventricular remodeling. However, it has also been shown that treatment with both statins and LY333531 alone decreases the expression of TGF-β1 with a concomitant decrease in myocardial fibrosis (42, 43) . In the present study, we cannot exclude the possibility that the decreased extent of myocardial fibrosis by statins and LY333531 also contributed to the improvement of cardiac function. In particular, we did not observe a more pronounced decrease in serum TGF-β1 protein levels in the group treated with the combination of both agents as compared to the groups treated with either agent alone.
In conclusion, to the best of our knowledge, the results of the present study suggest, for the first time, that treatment with rosuvastatin in combination with LY333531 is more beneficial compared to treatment with either statins or LY333531 alone during an MI event under diabetic conditions. The beneficial effects are likely attributed to the increased numbers of coronary collaterals.
